Introduction
Label-free optical devices integrated with microfluidics are particularly suitable for high throughput screening of large number of biological samples available in small volumes [1] [2] [3] [4] [5] . Most current optical devices, however, do not permit simultaneous determination of refractive index and absorption changes.
Interferometric devices such as Mach-Zehnder interferometers measure the phase difference between a sample and a reference beam by interfering the two and measuring changes in intensity as the phase difference caused by refractive index changes in the sample beam path changes [6] . Any change in intensity of the sample beam caused by absorption would also change the output intensity, thus making it difficult to deconvolute the two effects. Alternatively, interferometers rely on measuring fringe shifts to determine changes in refractive index. In order to probe a volume of sample, long coherence length light is required and hence a monochromatic light source is used to generate a fringe pattern as a function of angle of incidence [7] . In this case, fringe contrast is related to the absorption coefficient of the sample at the wavelength of the monochromatic light source, thereby permitting absorption measurements in a narrow (50-100 nm), but not broad range of wavelengths [8] . Two light sources; a laser incident at oblique angle and white LED at normal incidence are used to perform simultaneous refractive index measurement and broadband absorption spectroscopy simultaneously on the same volume of sample [9] . The approach, however, has limitations. Firstly, the sensitivity and limit of detection (LOD) of absorption measurements using a spectrophotometer is limited because the optical pathlength is governed by the physical dimensions of the microfluidic channel [10] . Secondly, as LED light passes through the entire volume of the sample, it should be free of particles (e.g. cells) to avoid scattering. Thirdly, the use of two light sources and detectors makes the entire system bulkier and less integrated. In another report, a fabry-perot cavity was integrated with a microfluidic channel such that the two mirrors had ~60% reflectivity for ~1550 nm light [11] . As a result, light in the infrared region bounced between the mirrors and passed through the microchannel multiple times, thereby generating an interference pattern. The position of peaks and dips changed with refractive index of fluids in the microchannel. The mirrors were completely transparent to visible light, which was used to perform absorption spectroscopy. The approach, therefore, either required a source that can emit light in visible and infrared region or two sources. In addition, as light passed through the microchannel once only, the sensitivity and LOD were limited. Surface Plasmon Resonance (SPR) devices can determine both refractive index and absorption change by measuring the position and shape of the reflectivity dip [12] , but the gold layer typically used makes it impossible to monitor changes at wavelengths below about 600 nm. Since the absorption maximum of many biological species (such as haemoglobin and serum ferritin) is below 600 nm, this makes SPR unsuitable for measurement of these species. Other metals such as aluminium can be used for SPR at shorter wavelengths, but the reactivity of metals other than gold means that such devices are relatively short-lived. Whispering gallery mode (WGM) resonators such as microspheres and ring resonators are widely used to measure changes in refractive index by monitoring extremely small shifts (typically pm) of narrow resonance linewidths (typically ~0.1 pm) [13] [14] [15] [16] . Slightly nonspherical WGM are shown to be suitable to confine high order modes and consequently perform broadband absorption spectroscopy [17] . Simultaneous refractive index measurements and broadband absorption spectroscopy using these WGM resonators is, however, not shown. This may be because extremely small shifts introduced as a result of refractive index changes are difficult to measure for broad peaks, which is a characteristic of slightly non-spherical WGM resonators. Spectroscopic ellipsometry has been shown to be able to determine both absorption spectrum and refractive index of materials, but is typically used for thin films [18] . This work, for the first time, reports a device (called dye-doped leaky waveguide, DDLW) consisting of a dyedoped porous waveguide supporting a leaky optical mode, which was used for both refractive index measurements and broadband absorption spectroscopy. The presence of the dye immobilised in the waveguide permits visualising the resonance angle as a dip in the reflectivity curve. This approach of visualising the resonance angle permits using unpolarised light, tuning the dip parameters (e.g. depth) with ease, and fabricating these devices without requiring specialised equipment (e.g. sputtering of gold for SPR devices and e-beam evaporation to deposit titanium in case of metal-clad leaky waveguide, MCLW) [19] .
While the shifts in the resonance angle position were related to changes in refractive index induced by a sample, the depth of the dip was a function of the wavelength-dependent absorbance of the sample. The dye concentration in the waveguide was optimised to produce a sharp dip for ease of refractive index monitoring, while remaining shallow enough to provide a reasonable dynamic range for absorption measurements.
Although MCLW and DDLW have similar sensitivity to refractive index change, the DDLW has a larger linear and dynamic range than the MCLW for absorption spectroscopy. The simpler fabrication and instrumentation required for the DDLW, along with the wider dynamic range for absorption spectroscopy and equal sensitivity to refractive index, indicate that the DDLW is preferred over the MCLW.
The DDLW developed in this work consists of an agarose waveguide spin coated on a glass slide and subsequently doped with reactive blue 4 (RB4). RB4 was chosen because it contains a dichlorotriazine group, which reacts with hydroxy groups in agarose under basic conditions. RB4 also has a broad absorption that allows the resonance angle to be determined over most of the visible region. The refractive index sensitivity of the DDLW developed in this work was determined by using solutions containing different concentrations of glycerol. In contrast to conventional high index waveguides, which rely on the interaction of light in the evanescent field with the sample, the sensitivity of porous waveguides to changes in bulk refractive index was largely independent of waveguide thickness. This is because the sample can diffuse into porous waveguides and hence all of the light (i.e. present in the waveguide and evanescent field) interacts with the sample. The suitability of DDLW to perform broadband absorption spectroscopy was demonstrated by using rhodamine 6G, which has an absorption spectrum that overlaps with reactive blue 4, as an exemplar analyte. The absorption measurements performed using the DDLW also showed that there is a reversible (possibly, electrostatic) interaction between rhodamine 6G and reactive blue 4. Finally, rhodamine 6G was added to glycerol solutions, and its absorption spectrum as well as changes in refractive index in the vicinity of the waveguide introduced as a result of anomalous dispersion and sample composition were studied simultaneously.
Experimental
1 mm thick glass slides were purchased from VWR (Leicestershire, UK). Ultrapure TM LMP agarose was obtained from Life Technologies (Paisley, UK). Glutaraldehyde (25%), sodium hydroxide, potassium chloride, reactive blue 4 (35%), phosphate buffered saline (PBS, 20 mM, pH 7.4), rhodamine 6G (R6G) and glycerol were purchased from Sigma-Aldrich (Gillingham, UK).
DDLW device fabrication
Glass slides were cut into squares of ~25.4 mm by 25.4 mm using a diamond scribe, and cleaned in an ultrasonic bath with soap solution, de-ionised water and ethanol for 30 min each. In order to investigate the effect of the concentration of agarose solution used to make the waveguide, either 0.1, 0.2 or 0.3 g of agarose was added to 10 ml of de-ionised of water. The solution was heated in a microwave oven until the agarose was fully dissolved, following which it was placed on a hot plate set at 95 °C. 12. and an inlet and outlet. The flow cell was placed on the agarose coated glass and held in place using a fixture.
Instrumentation
The experimental set-up used in this work is shown in Figure 1 . Briefly a BK7 equilateral prism of 30 mm by 30 mm (Qioptic Photonics, Denbighshire, UK) was used to couple light in and out of DDLW. A tungstenhalogen lamp (Ocean Optics, Duiven, Netherlands) and CMOS camera (PL-B781, Pixelink, Ottowa, Canada)
were mounted on rails, which were connected to goniometers to control their angular position. The light source and camera were located ~150 mm and ~120 mm away from the prism respectively. Thus, the overall dimension of the set-up was ~250 mm × 80 mm × 30 mm placed in a light-tight box of external dimensions 600 mm × 600 mm × 350 mm.
Light was passed through an assembly of achromatic doublet and cylindrical lens to obtain a wedge-shaped beam, which permit illuminating the DDLW with a range of angles of incidence simultaneously. The beam width at the waveguide was 0.5 mm. The focal length of the cylindrical lens used was 100 mm, which . Conventional absorption spectra were obtained using the tungsten-halogen source, a 1 cm path length cuvette and a fibre-coupled spectrophotometer (USB4000, Ocean Optics, Duiven, Netherlands). 
Results and discussion

Modelling
Modelling of the devices was carried out using an in-house transfer matrix program written in C++. The program contains a database of materials and uses either cubic spline interpolation or polynomial evaluation to generate complex refractive indices at different wavelengths. The imaginary refractive index of the dyes was generated from absorbance data obtained from known concentrations of the dye in a 1 cm cuvette in an
Ocean Optics USB4000 spectrophotometer using the relationship:
Where K is the (Napierian) imaginary refractive index, λ is the wavelength (m), ε is the (decadic) extinction In the case of a cuvette-based absorption measurement, absorbance is related to the transmittance, which is the ratio of the intensity of transmitted and incident light. In the case of the waveguide, the transmitted light is represented by the light that couples out of the waveguide, so the reflectivity in the case of the waveguide is equivalent to the transmittance of a cuvette. The theoretical apparent absorbance was calculated from this data using a modified Beer-Lambert equation:
Where A is the apparent absorbance, R 0 is the reflectivity at zero concentration at the peak or dip position and R is the minimum reflectivity of the dip (for DDLW) or maximum reflectivity of the peak (for MCLW) at a given RB4 concentration. For incubation times higher than 15 min, the depth of the dip initially increased following which, the dip became broad and shallow. The dynamic range of absorption spectroscopy decreases as the depth of the dip increases, so 15 min incubation was, therefore, determined to be optimum because it resulted in a sharp dip permitting facile tracking of the angular position for refractive index sensing, whilst preserving a reasonable dynamic range for absorption monitoring.
Preliminary results
The typical output of a DDLW consisting of agarose waveguide incubated in RB4 for 15 min is shown in Figure 3 (b) . The imaginary refractive index of RB4 doped waveguides of given thickness and real refractive index depends on the wavelength dependent extinction coefficient and concentration of the dye immobilised in the waveguide, and affects the depth of the dip. While the wavelength dependent extinction coefficient of RB4 was determined using the Ocean Optics USB4000 spectrophotometer, the transfer matrix program was used to estimate the concentration of the dye immobilised in the waveguide. Modelling was also used to estimate the thickness and swelling ratio (S, the ratio of the volume of the rehydrated gel to that of an undehydrated gel), which affects the real refractive index of the waveguide. The real refractive index of rehydrated (n R ) agarose at each wavelength is given by the following expression: 
Where c is the concentration of the original agarose solution (w:v), n W is the refractive index of water and Δn is the refractive index increment for pure agarose with respect to water. For example, the refractive index of a rehydrated agarose with a swelling ratio of 13.5% is 1.35603 (versus 1.33641 for undehydrated gel) at 589 nm. Measuring these parameters for a low concentration wet gel is, however, challenging using conventional techniques. To estimate the swelling ratio, thickness and RB4 concentration in the waveguide, the device that had been reacted with RB4 was subsequently irrigated with PBS until no further change in the output of the device was visible. An image of the device output was then taken, the dark image was subtracted and the resulting background corrected image was normalised by division by a background corrected image taken using a plain glass slide. A profile in angle was then extracted centred at 589 nm using ImageJ and the resulting reflectivity profile imported into the transfer matrix program. A simplex optimisation routine then provided the best fit values for the waveguide thickness, swelling ratio and RB4 concentration. The best fit to the experimental data shown in Figure 3 
Refractive index measurements using DDLW
A typical two dimensional output of a DDLW consisting of a waveguide made of 2% (w:v) agarose solution and incubated in RB4 for 15 min is shown in Figure 4 (a). The positions corresponding to the total internal reflection (TIR) and resonance angle are also marked in Figure 4 
Absorption spectroscopy using DDLW
Absorption spectra of R6G obtained using the Ocean Optics USB4000 spectrophotometer at different concentrations of the dye are shown in Figure 6 (a). As shown in Figure 6 (a), R6G absorbs between 435 nm and 570 nm with absorption maxima at 527-531 nm and 498-500 nm for monomeric and dimeric forms respectively. This is consistent with literature reported values [20] . Figure 6 (a) also shows that R6G begins to form dimers at concentrations as low as 6.25 µM in PBS, which is accordance with literature [21] . Further, a comparison of absorption spectra of 12.5 µM R6G in PBS and 37.5 µM RB4 solution shows that the spectrum of R6G was red shifted by ~5 nm in the latter case indicating that the two dyes interact. In addition, in the latter case, the absorbance between 570 nm and 675 nm was less than zero, suggesting that the absorption of RB4 decreases as a result of its interaction with R6G. The relationship between the peak µM of R6G including the wavelength corresponding to the absorbance peak, obtained using DDLW is similar to that recorded via the Ocean Optics USB4000 spectrophotometer. As DDLW is flushed with increasing concentrations of R6G, the absorbance peak at ~490 nm increases whereas that at ~530 nm decreases, thereby suggesting the formation of either higher aggregates of R6G on/ in the hydrogel [22] or the formation of R6G-RB4 complexes. In addition, as the concentration of R6G increases, the absorbance peak corresponding to the monomeric form of the dye was red shifted. Further, based on negative absorbance values from 570 nm to 675 nm, the absorbance of RB4 decreases as the concentration of R6G increases.
These changes in the absorption spectra of RB4 and R6G indicate that the two dyes interact strongly with each other. 
Simultaneous refractive index and broadband absorption measurements using DDLW
Subsequently, the DDLW was irrigated with 6.25 µM R6G prepared in PBS until no further change in the position of the dip was observed. Subsequently, solutions of 6.25 µM R6G prepared in different concentrations of glycerol were introduced onto the DDLW, and the corresponding outputs were recorded. A plot of change in the position of the dip against time is shown in Figure 7 Figure   7 (b) shows the absorption spectra of 6.25 µM R6G in different glycerol concentrations. These show that the spectra are similar in shape and peak wavelength, but show a trend towards increasing absorbance with increasing glycerol concentration. The glycerol solutions were pumped sequentially from low to high concentration. The increasing trend in absorption of R6G with glycerol concentration, which was not observed in spectra obtained using the Ocean Optics USB4000 spectrophotometer, is likely to be a result of continuing binding of the dye to immobilised RB4 as each solution was pumped through the flowcell.
Nevertheless, this work shows that it is possible simultaneously to monitor both broadband absorbance and refractive index using the DDLW. Like any absorption spectrophotometric technique, calibration is required to determine extinction coefficients of species which can then be used to find their concentration in samples of unknown composition. 
Conclusions
By using an unpolarised white light source to illuminate a DDLW, followed by a transmission grating to disperse the light emerging from the device, it has been possible to perform simultaneous broadband absorption spectroscopy and refractive index monitoring in a common small volume. Previous techniques used for this purpose have either required separate instrumentation for the two parameters or have not been able to perform broadband measurements. The DDLW device is also very simple to fabricate, consisting of a spin-coated dyed agarose gel layer on a microscope slide. Unlike SPR, DDLW does not require an expensive high index substrate and can work over a much wider range of wavelengths. The concentration of agarose solution and spin speed used to fabricate the waveguide was optimised to obtain a DDLW that can support a single optical mode. The evolution of the reflectivity dip, which was observed at the resonance angle, caused by the reaction of the RB4 with agarose was monitored in real time. This was done to ensure that the dip was sharp so that its position could be easily determined for refractive index monitoring and not so deep that the dynamic range for absorption measurement would be compromised. It was found that 15 min incubation with 0.78 mM RB4 in 0.268 M KCl and 10 mM NaOH gave a dip suitable for both measurements. Modelling using the transfer matrix method was used to estimate the waveguide thickness, swelling ratio and concentration of immobilised RB4 (1.53 µm, 13.5% and 10.1 mM respectively). The suitability of the DDLW for both absorption and refractive index monitoring was investigated using a combination of R6G and glycerol solutions. The refractive index sensitivity at 589 nm of the DDLW was found for glycerol solutions without and with R6G and were found to be comparable (106.32±0.97 and 104.70±2.28° RIU -1 respectively). In addition, the DDLW was shown to be suitable for absorption spectroscopy and refractive index monitoring over the wavelength range 430 -675 nm, limited by the tungsten-halogen light source and the transmission grating. Refractive index monitoring over the entire wavelength range showed strong anomalous dispersion between 490 and 534 nm when R6G was introduced into the DDLW. Concentrations of R6G as low as 1 µM were observed to give significant absorption when the agarose waveguide was doped with RB4, but not when the waveguide was undoped.
Since R6G is cationic and RB4 anionic, it is likely that there is a strong electrostatic interaction between the two dyes that enhances the local concentration of R6G when RB4 is present, resulting in concentration enhancement factors as high as 191. The dimerisation of R6G and/or its interaction with RB4 induced changes in the spectra of both dyes, increasing the shoulder at 490 nm for R6G and decreasing the extinction coefficient of RB4 between 570 and 675 nm. This work has shown that it is possible to perform broadband absorption spectroscopy in parallel with refractive index monitoring in small volumes. With a detection volume of only 3.5 nL, it is possible to detect sub-pmol amounts of R6G without concentration enhancement and fmol amounts with concentration enhancement using RB4 as a binding partner.
Future work will focus on the application of DDLW to estimate iron loading per molecule of ferritin where antibodies against serum ferritin will be immobilised in the agarose waveguide. Subsequently, refractive index measurements and broadband absorption spectroscopy will be performed to determine the concentration of serum ferritin and bound iron respectively. This is important because of an increasing body of evidence that suggests that serum ferritin and its iron loading plays a significant role in neurodegenerative disorders such as Alzheimer's Disease. Future work will also focus on immobilising a suitable combination of dyes in the agarose waveguide and exploiting their anomalous dispersion to devise a DDLW sensor that is insensitive to wavelength changes because of temperature effects over the entire visible region.
